Premature progesterone (P) elevation was commonly seen in IVF prior to the utilization of GnRH analogues for suppression of endogenous gonadotropin release. The cause and effect of premature P elevation has finally been better elucidated in the past decade. Although still occurring in 5-38% of all IVF cycles, the adverse effects of premature P elevation on pregnancy outcomes are now well known.
Introduction
Over the past several years, there has been an improved overall understanding of the adverse effect of prematurely elevated progesterone (P) on in vitro fertilization (IVF) cycles. Premature P elevation was commonly seen in IVF prior to the utilization of gonadotropin releasing hormone (GnRH) analogs for suppression of endogenous gonadotropin release [1] . The GnRH analogs were essential in pituitary suppression and prevention of a premature luteinizing hormone (LH) surge [1] [2] [3] [4] . However, in contemporary IVF, premature P elevations still occur despite pituitary downregulation [1, 4, 5] . This occurs in 5-38% of all IVF cycles [1, [6] [7] [8] . When premature P elevation occurs, there is asynchrony between the endometrium and the embryo, resulting in decreased embryo implantation [9] [10] [11] [12] [13] [14] [15] . Although there are different cut-off values for an elevated P level described in the literature, two large retrospective cohort studies demonstrate that P levels >1.5-2 ng/mL on the day of human chorionic gonadotropin (hCG) trigger have a negative impact on pregnancy outcomes in women undergoing IVF [6, 16] .
After two decades of disagreement in the literature regarding the adverse effects of premature P elevation on IVF outcomes, several recent studies have emerged providing more definitive evidence. This review summarizes the history and evolution of the literature concerning premature P elevation and what knowledge gaps still exist.
Biologic plausibility
The potential for premature luteinization was a common reality of IVF stimulation prior to the advent of GnRH analogs. As early as the 1980s, this was hypothesized to have the potential to negatively affect IVF outcomes [17, 18] . It was known that in natural reproduction, the rise of progesterone is inextricably linked to the LH surge and ovulation. This synchronizes the age of the embryo to the total time of endometrial progesterone exposure, optimizing the natural window of implantation. It was recognized that premature luteinization during IVF stimulation could lead to asynchrony. However, even after the advent of GnRH analogs effectively minimized the risk of premature luteinization, premature P elevation still occurred. Despite the occurrence of premature P elevation in clinical practice and the sound biologic plausibility for a negative effect, the systematic reviews and meta-analyses in the 1990s and 2000s failed to demonstrate a negative effect of premature P elevation. Additionally, although certain genetic defects such as 21-α-hydroxylase, 11-β-hydroxylase, and 17-α-hydroxylase deficiency cause an elevation of progesterone levels, this manuscript focuses on patients assumed to not have these genetic mutations [19] . endometrium [5, 20] . There is scientific evidence to support this effect. Premature P elevation is associated with endometrial advancement on a histologic level [21] . Analyses of endometrial gene expression demonstrate that premature P elevation on the day of trigger leads to aberrant gene expression 7 days later, during the implantation window [13] . Furthermore, this phenomenon has been confirmed in other studies evaluating gene expression on the day of oocyte retrieval, day 2, and day 5 [13, 15, 22] .
Additionally, Li et al. performed pathway analyses on microscopic RNA and microRNA genes that have been associated with poor endometrial receptivity [14, 23] . These microRNAs were evaluated in patients with premature P elevation. P is known to regulate the expression of endometrial epithelial cell osteopontin during the window of implantation to facilitate implantation [24] . Osteopontin and angiogenin expression in subjects with premature P elevation, leading to a decreased endometrial receptivity and increased risk for pregnancy loss [14] .
1980s and 1990s
The earliest publications expressing concern of the effect of premature P elevation on IVF cycle outcomes date back to the late 1980s by Hamori et al. and Feldberg et al. [17, 18] . In 1991, Schoolcraft et al. demonstrated that P levels >0.5 ng/mL on the day of hCG trigger were significantly associated with lower pregnancy rates compared with <0.5 ng/mL (20% vs 54%, P < 0.005) [25] . This study proposed the idea of using serum P levels during IVF stimulation to assist with the timing of hCG triggers [25] . Similarly, Fanchin et al. found lower pregnancy rates with a P threshold over 0.9 ng/mL on the day of hCG trigger [11] . They further demonstrated that premature P elevation did not affect embryo quality, since patients above and below this threshold value had similar fertilization and cleavage rates [11, 26] . However, most of the other early studies failed to demonstrate a negative effect from premature P elevation [7] [8] [9] [27] [28] [29] . This is likely related to small sample sizes and utilization of lower thresholds to define premature P elevation (0.5-0.9 ng/mL) [7] [8] [9] [27] [28] [29] . Additionally, certain studies state an elevated P of 1.2 ng/mL and higher on the day of trigger in PCOS patients may be a predictor of IVF success [30] .
2000s
During the 2000s, the majority of published studies continued to demonstrate no association of premature P elevation and IVF outcomes [29] . These studies continued to be small, with sample sizes averaging 125 subjects [9] and were at risk for type II error. They also continued to analyze premature P elevation as a dichotomous value, choosing predetermined low threshold values of 0.9-1.2 ng/mL on the day of trigger [9] . In 2007, Venetis et al. summarized the available literature in a systematic review and meta-analysis [9] . The authors concluded that there was no statistically significant association between premature P elevation on the day of hCG trigger and IVF outcomes based on the available literature, while highlighting the weaknesses in literature at that time [9] .
Concurrently, the etiology of premature P elevation began to be elucidated more clearly. It was shown that premature P elevation occurred during IVF cycles despite GnRH-analog suppression. This suggested that premature luteinization was not the cause of premature P elevation. It was also established that several cycle characteristics were associated with premature P elevation, including higher stimulation doses of FSH, lower LH levels available to convert P to androgens, higher estradiol levels, and larger cohorts of follicles [1, 5, 20, 31] . Taken together, these findings suggested that premature P elevation resulted from FSH stimulation of a larger number of follicles, with progesterone being secreted as an intermediate substrate in the steroid pathway.
2010s
It was not until 2010 that large observational data sets demonstrated a negative effect of premature P elevation on the day of trigger. Bosch et al. analyzed over 4000 IVF cycles and demonstrated that a P > 1.5 ng/mL was negatively associated with clinical pregnancy [6] . It is notable that the sample size used in this study was almost six times larger than the combined world's literature summarized by Venetis et al. [9] . It was evident that even with 20 years of literature and several observational studies, the prior data were underpowered and at high risk for type II error.
Two years later, Xu et al. analyzed over 10,000 IVF cycles and also demonstrated that premature P elevation was negatively associated with IVF outcomes [32] . They proposed thresholds ranging from 1.5 to 2.25 ng/mL based on ovarian response. Two months later, Ochsenkuhn et al. published a study of 2555 subjects which again demonstrated a negative effect of premature P elevation >2.0 ng/mL on IVF outcomes [6, 16] .
In a short 2-year period, this area of research was dramatically transformed. This is partially explained by more rigorous statistical analyses, which shifted the dichotomous threshold analyses from primarily 0.9 to 1.5-2.25 ng/mL. At these higher levels of premature P elevation, it became easier to demonstrate a negative effect. In addition, with more IVF programs measuring P levels on the day of trigger, the published data available for analysis substantially increased from 700 IVF cycles to over 17,000 IVF cycles in just 2 years. One year later, these data had increased to over 60,000 IVF cycles again summarized by Venetis et al. in a meta-analysis [33] . The risk of type II error was thus eliminated. Of note, these studies were almost entirely in GnRH agonist cycles using an hCG trigger [6, 16, 20, 34] . Additionally, some literature suggests that elevated P on the day of trigger in human menotrophin gonadotrophin and medroxyprogesterone acetate cycles have no impaired outcome on oocyte retrieval rates, fertilization rates, implantation rates, clinical pregnancy rates, and live birth rates [35] . Thus, while there was overwhelming evidence that premature P elevation was negatively associated with IVF outcomes, it was still unclear if this association translated to other pituitary downregulation and oocyte maturation protocols.
Association or cause?
By 2012, it was clear that premature P elevation was negatively associated with pregnancy rates with IVF [ Figures 1-3 ] [5, 6, 16, 20, 34] . However, the question remained whether premature P elevation caused lower pregnancy rates or whether the larger body of observational data simply demonstrated a negative association, with the true cause of lower pregnancy rates yet to be elucidated. Despite the lack of randomized control trials, we argue a causal effect, supported by the current body of literature demonstrating clear biologic plausibility, substantial endometrial molecular changes, and overwhelming observational data showing a negative effect.
Premature P elevation and other in vitro fertilization protocols
The initial data demonstrating a negative effect of premature P were almost entirely in GnRH agonist cycles using hCG for oocyte maturation [6, 16, 20, 34] . Connell et al. studied 3222 IVF cycles comparing the effect of P values with hCG versus GnRH agonist oocyte maturation trigger [36] . This study concluded that premature P elevation negatively affected cycle outcomes with both trigger types, with premature P elevation resulting in live birth in only 28% in the hCG trigger group and 25% in the GnRH agonist group [36] . Furthermore, Kyrou et al. published data that demonstrated the premature P elevation had a significant detriment on ongoing pregnancy among GnRH antagonist cycles [37] , later confirmed by Koo et al. [38] .
Is premature P elevation detrimental to all patients?
Papanikolaou et al. published data in 482 subjects suggesting that premature P elevation had a negative impact on cleavage stage embryo transfers, but not in blastocyst transfers [20] . It was hypothesized that the endometrium could correct itself by day 5 or that a blastocyst was more robust and could tolerate the endometrial asynchrony. Researchers had also hypothesized that higher estradiol levels, younger age, advanced embryo stage, and more follicles were all protective from the negative effect of premature P elevation. This was made more intriguing by the thought that young age, estradiol, and follicle number were all positively associated with an increased risk of premature P elevation [5] . However, these good prognostic factors have proven not to be the protective. In 2015, Hill et al.
demonstrated that premature P elevation had a similar negative interaction across embryo stage, embryo quality, patient age, and ovarian response [5] .
Furthermore, other studies concluded that an increased ratio of progesterone to mature oocytes (P/O) was a better predictor of pregnancy outcome than the P level alone [39] [40] [41] . Contrary to this finding, Hill et al. demonstrated that the progesterone to oocyte ratio was not protective, indicating a negative effect regardless of ovarian response [42] . Finally, Hill et al. demonstrated that the negative effect of premature P elevation persisted among various ethnicities in a similar fashion, although ethnic minorities had a higher prevalence of premature P elevation [43] . Across all of these studies, interaction testing for live birth by P with each variable was statistically nonsignificant. In other words, young good responders with good embryos had a similar reduction in their odds of live birth compared to older, poor responders, with poor quality embryos. The increased embryo-endometrial asynchrony had a negative effect, independent of other predictors of IVF success.
This negative effect was primarily due to endometrial advancement from P exposure. Healy et al. investigated if this effect was further worsened if the embryo was slower to develop [44] . The authors concluded that day 5 and day 6 embryos had decreased live birth with premature P elevation, but the negative effect was twofold stronger in day 6 embryos. Interaction testing was significant, suggesting premature P elevation affected day 6 embryos more than day 5 embryos. Thus, it was demonstrated that the premature P elevation and the slow growing embryo were compounding risk factors for embryo-endometrial asynchrony [44] . Furthermore, embryo ploidy status was not evaluated in this study. While embryo-endometrial asynchrony appears to be largely attributed to prematurely elevated P, aneuploidy status of day 6 embryos likely plays a part of decreased live birth rates as well [44] .
Cause of premature P elevation
Premature P elevation was initially called premature luteinization by Hamori et al. in 1987 and Feldberg et al. in 1989 [17, 18] . Prior to the advent of GnRH analogs, an endogenous LH surge leading to luteinization was a common cause of premature P elevation. Luteinization is caused by an LH surge leading to increased expression of steroidogenic activation factor, P450 side change cleavage, and 3B-hydroxysteroid dehydrogenase [45] [46] [47] . This alteration in gene expression, with concomitant increase in angiogenesis and cholesterol availability, leads to increased progesterone output from the luteinized follicle. However, even after the clinical introduction of GnRH analogs, premature P elevation still occurred despite the lack of an LH surge. Without an LH surge and luteinization, the cause of modern premature progesterone elevation is putatively not premature luteinization. However, studies as recently as 2015 still refer to premature P elevation as the historic misnomer of premature luteinization [38] . Since 2010, studies have demonstrated the cause of premature P elevation to be primarily due to an excess number of follicles present. Each of the follicles contribute a small amount of P production as an intermediary in the steroid pathway. With a few follicles, this is a minute contribution. However, with many follicles, the total level of progesterone increases to clinically relevant amounts.
The association of follicle number with P levels has been documented in numerous large studies [5, 6, 42] . Furthermore, FSH only protocols and total FSH dose increases the risk of premature P elevation [37, 38, 47] . Conversely, the addition of LH to protocols decreases the risk of premature P elevation [48] . This is due to the fact that additional LH upregulates 17-hydroxylase to convert P substrate to androgens, which are ultimately aromatized to estradiol [42] . Taken together, these data support that the common cause of premature P elevation in GnRH analog cycles is not the result of LH-induced luteinization, but rather a product of FSH induced P stimulation from a large number of follicles.
Clinical management of premature P elevation
Optimal timing of fresh embryo transfer cycles has been extensively studied [49] . The importance of transferring during the window of implantation has been linked to improved implantation rates and pregnancy rates [50, 51] . Current literature of premature P elevation supports the concern of an asynchronous relationship between the embryo age and the endometrial lining. More specifically, elevated P causes faster advancement of the endometrial lining, which can lead to an endometrium to no longer be in the window of implantation when it comes time to transfer either a cleavage stage embryo or blastocyst.
This detrimental phenomenon has been shown to be mitigated by a freeze all approach. Shapiro et al. concluded that in cycles affected by prematurely elevated P levels, vitrification of all embryos and performing a subsequent frozen embryo transfer yielded higher pregnancy rates [52] . Healy et al. [53] further investigated whether the adverse effects seen with elevated P on the day of trigger in autologous fresh IVF cycles carried over to subsequent FET cycles. Live birth rates in fresh and FET cycles with a P ≥ 2 ng/mL were compared to live birth rates in fresh and FET cycles where P was ≤2 ng/mL on day of trigger [53] . The authors demonstrated a negative association of P with live birth in fresh cycle transfers (OR 0.30; 95% CI, 0.23-0.39) but not in subsequent FET transfer cycles (OR 0.88; 95% CI 0.7-1.10) [53] . When P was ≥2 ng/mL, live birth rate was more likely in FET cycles compared with fresh cycles (47% vs. 10%; P = 0.02). These results support that the adverse effects of elevated P in the fresh cycle are ameliorated in a subsequent FET.
Another clinically relevant question is whether premature rise of P negatively affects oocyte quality and thus embryo quality or development. To evaluate this question, researchers have looked at oocyte donor cycles with premature P elevation. Current studies demonstrate that elevated P does not lead to a decline in pregnancy rates in oocyte recipients [10, 11, 20, 26, 27, 54] . This would indicate that elevated P does not affect oocyte quality intrinsically. In support of this conclusion, Venetis et al. published a systematic review and meta-analysis including over 60,000 IVF cycles concluding that a premature elevated P is not associated with oocyte quality. Premature P elevation does not seem to have an impact on donor-recipient cycle outcome or subsequent frozen-thawed embryo transfer [33] .
Certain ovarian stimulation approaches should also be considered to prevent a premature rise in P. Werner et al. recommended that a gonadotropin dose with an LH-to-FSH ratio of 0.30:0.60 is associated with the lowest risk of late follicular phase P elevation. This allows adequate LH to convert progestins to androgens that are ultimately converted to estrogen, and minimize adverse IVF outcomes [48] . Additionally, cycle characteristics associated with premature P elevation that should be considered when making gonadotropin doses include higher stimulation doses of FSH, higher estradiol levels, and larger cohorts of follicles [1, 5, 20, 31] .
In summary, though the literature is lacking large randomized controlled trials evaluating whether to freeze or transfer in cycles with premature elevated P, there exists strong observational evidence with large datasets that support the recommendation to offer vitrification of all embryos in a fresh cycle affected by elevated P with subsequent frozen embryo transfers.
Future directions
Great progress has been made over the past several years regarding the adverse effect of premature elevated P resulting in embryo-endometrial asynchrony. However, there remain several areas of research that require further development. First, there are no defined thresholds for premature P elevation. Venetis et al.'s metaanalysis of over 60,000 IVF cycles yielded 68 studies proposing over a dozen different threshold values [33] . To date there has been no dedicated publication exploring the appropriate P threshold value. The second issue is that commercially available steroid assays lack analytic sensitivity, especially at low hormone levels. Future developments should include investigating advanced methods of P measurement such as mass spectrometry [33] . The third future issue is that there is not good level I data demonstrating that vitrifying all embryos results in improved live birth outcomes. Hill et al. have argued that the overwhelming observational data and biologic plausibility for this course of action negate the need for RCTs, but others have disagreed and these RCT studies are underway [42] . The concern for premature P elevation was expressed 30 years ago. The cause and effect of premature P elevation has finally been better elucidated in the past decade. However, this story is not yet complete.
